Objective: To correlate morphological findings of idiopathic carpal tunnel syndrome (CTS) with the function of the median nerve. Methods: In this study, 105 wrists of 105 women patients with idiopathic CTS, and 36 wrists of 36 female volunteers were subjected to nerve conduction studies and MRI. Cross sectional area, signal intensity ratio, and the flattening ratio of the median nerve, carpal tunnel area, flexor tendon area, synovial area, and intersynovial space, and the palmar bowing of the transverse carpal ligament (TCL) were quantified by MRI and correlated with the severity of the disease determined by nerve conduction studies. Results: Cross sectional areas of the median nerve, flexor tendons, and carpal tunnel, and the palmar bowing of the TCL of the CTS groups were greater than in the control group, but differences were not detected among the CTS groups for the area of the flexor tendons and the carpal tunnel. Enlargement, flattening, and high signal intensity of the median nerve at the distal radioulnar joint level were more significant in the advanced than in the earlier stages of the disease. Increase in palmar bowing of the TCL was less prominent in the most advanced group. Linear correlation between the area of the carpal tunnel and palmar bowing of the TCL was noted. Conclusion: Severity of the disease could be judged by evaluating not only longitudinal changes of signal intensity and configuration of the median nerve, but also palmar bowing of the TCL. Increased palmar bowing of the TCL was found to be associated with an increase in the area of the carpal tunnel. I diopathic carpal tunnel syndrome (CTS) is the most common entrapment neuropathy in the upper extremity; however, its aetiology remains unclear. With the development of imaging techniques, new evidence related to the carpal tunnel has been reported.
I
diopathic carpal tunnel syndrome (CTS) is the most common entrapment neuropathy in the upper extremity; however, its aetiology remains unclear. With the development of imaging techniques, new evidence related to the carpal tunnel has been reported. 1 2 Previous studies on the carpal tunnel using MRI compared the median nerves of patients with CTS with those of normal individuals, and determined the specific changes inside the carpal tunnel that determine diagnostic accuracy. 2 3 Proximal swelling, flattening, and high signal intensity of the median nerve on the T2 image and an increased bowing of the transverse carpal ligament (TCL) were regarded as the characteristic findings for idiopathic CTS. [2] [3] [4] [5] [6] [7] [8] However, results were not always consistent because of differences in sample size and the inclusion of individuals with various stages of the disease or of patients of both sexes. Furthermore, quantitative analysis of the structures inside the carpal tunnel, rather than the median nerve, is very limited, although they are probably related to the pathophysiology of idiopathic CTS.
In this study, we quantified the structures inside the carpal tunnel on MRI and correlated findings with nerve conduction studies in patients with idiopathic CTS to evaluate if disease severity had an effect on morphological changes. We investigated only women because idiopathic CTS is more often seen in women than men, 9 and differences in area of the flexor tendons and the carpal tunnel are known to exist between the sexes. 10 
11

MATERIALS AND METHODS
We prospectively studied 105 wrists of 105 consecutive women patients diagnosed with idiopathic CTS, and 36 wrists of 36 female volunteers. Exclusion criteria for this study were history of any surgery or wrist fracture of the affected hand, double crush injury, diabetes mellitus, gout, rheumatoid arthritis, or other systemic disease. Written informed consent was obtained from all subjects, and the hospital ethics committee approved the study protocol.
All subjects underwent clinical examination, nerve conduction studies, and MRI. Posterioanterior and lateral plain x ray films were taken of the affected wrist of the patients to check for bony abnormalities such as lunatomalacia, incorrect union of a distal radial fracture, bone tumour, or bony erosion. Clinical examination included Phalen's test, percussion test at the carpal tunnel, determination of area of sensory disturbance, Semmes-Weinstein monofilament test, and a pinch and grip strength test. Chronicity of the disease was determined based on the duration of numbness reported by the patients. The diagnosis of idiopathic CTS was made on the basis of medical history and physical examination. Nerve conduction studies were conducted using Neuropack MEB-5504 (Nihon Kohden, Tokyo, Japan) to determine motor distal latency (MDL) and sensory conduction velocity (SCV). Details of the measurement procedure have been reported previously. 12 MRI of the carpal tunnel was performed on the affected hand of the patients and the right hand of the volunteers. The protocol for the MRI was as follows: field strength,1.5 Tesla (Toshiba VISART EX, Tokyo Japan); coil type, circular extremity coil (GPFLEX); arm wrist position was prone with the arm extended over the head, the forearm in pronation, wrist in neutral position and fingers extended; and imaging direction was the axial plane from the distal radioulnar joint to the carpometacarpal joint level. T1 weighted spin echo images and T2 weighted gradient echo images were obtained (repetition time 600 and 380 ms; echo time 18 and 15 ms for T1 and T2 respectively; section thickness, 3 mm; intersection space, 0.3 mm; number of signals acquired, 2 for T1 and 2.6 for T2; flip angle, 90˚for T1 and 20˚for T2; field of view, 12612 cm; matrix, 1926256). Four axial image slices, perpendicular to the longitudinal line of the median nerve, were selected. Level 1 was at the distal part of the distal radioulnar joint level where the relative position of the ulnar head to the radial sigmoid notch varied due to difference in ulnar variance. Some subjects had ulnar plus variance, and others did not. We tried to select a slice that was closest to the distal sigmoid notch. Level 2 was at the middle of the pisiform. A slice that had the largest pisiform section was selected. Level 3 was at the hook of the hamate level. A slice with the longest hook of the hamate was selected. Level 4 was at the exit of the carpal tunnel. We had twelve slices for each wrist and attempted to select four slices for measurement that best met the above criteria.
Quantitative assessment was conducted for the cross sectional area, signal intensity ratio, and flattening ratio of the median nerve, flexor tendon area, carpal tunnel area, synovial area, and intersynovial space, palmar bowing of the TCL, circumference of the wrist, and wrist ratio, using NIH Image (version 1.61; National Institutes of Health), which is a public domain image processing and analysis program. The measurements were performed on the T2 image; however, when difficulties were encountered while delineating the structure, the T1 image was of help. The median nerve was traced at four levels as described by Monagle. 11 The signal intensity of the nerve was expressed as a ratio, which was calculated with respect to the signal intensity of the hypothenar muscles at level 4, to avoid variations in signal that are encountered with surface coils. 13 Thus, a value ,1.0 means a higher intensity than the hypothenar muscle, and vice versa. The flattening ratio was calculated by dividing the transverse axis of the nerve by its longitudinal axis at the four levels. All flexor tendons inside the carpal tunnel, namely the flexor digitorum superficialis and profundus tendons and the flexor pollicis longus tendon, were traced at levels 2 and 3. The carpal tunnel area at level 2 was bounded anteriorly by the TCL, laterally by the capitotrapezial ligament and the scaphoid, medially by the pisiform, and dorsally by the carpal bones and the intercarpal ligament; that at level 3 was bounded anteriorly by the TCL, laterally by the capitotrapezial ligament and the scaphoid, medially by the hook of the hamate, and dorsally by the carpal bones and the intercarpal ligaments. The synovial area and intersynovial space were calculated by subtracting the flexor tendon area and median nerve area from the carpal tunnel area. The palmar bowing of the TCL was defined as the perpendicular distance to the TCL from the line between the hook of the hamate and the trapezium at level 3. The carpal tunnel area in the absence of palmar bowing of the TCL at level 3 was measured to assess the initial carpal tunnel area. The circumference of the wrist was measured at level 1 to assess wrist size. We calculated the wrist ratio by dividing the anteroposterior diameter by the transverse diameter at level 1. Each measurement described above was repeated three times, and the average values were used for data analysis. All measurements were rated by a single researcher (SU). A small reproducibility exercise using pairs of repeated measurements on the median nerve cross sectional area at the level 1 of five patients showed no evidence of a systematic difference between occasions (paired t test p = 0.6300) and the intraclass correlation coefficient of 97.5% showed that errors of observation would contribute about 2.5% to the variation between subjects such as these. This reduced the sensitivity and power of the analyses, but not enough to matter with a sample of this size.
Severity of the disease was determined on the basis of nerve conduction velocities. This classification was similar to that of Padua et al 14 MDL >4.4 ms and SCV ,44 m/s; severe: MDL >4.4 ms and no response of SCV; extreme: no response of MDL and SCV. Based on the severity of the disease, the hands were classified into four groups: normal, mild to moderate CTS, severe CTS, and extreme CTS. The mild to moderate, severe, and extreme were regarded as CTS groups, and the normal group as the control.
Each parameter was compared between four different groups, using Student's t test. The correlation coefficient between the average area of the carpal tunnel at levels 2 and 3 and palmar bowing of the TCL was calculated, as was that between the circumference of the wrist and palmar bowing of the TCL for both the control and CTS groups. Statistical significance was achieved when the p value was ,0.05.
RESULTS
Characteristics of the
Details of data of the cross sectional area, signal intensity ratio, and flattening ratio of the median nerve, the cross sectional area of the flexor tendons, synovium and intersynovial space, and the carpal tunnel, and the palmar bowing of the TCL are shown in tables 2 and 3.
In the control group, the cross sectional area of the median nerve and signal intensity ratio were constant throughout the levels, but flattening was more significant at level 4 than at the other levels. In the mild to moderate group, the cross sectional area was larger than in the control group in all slices, and the flattening ratio did not differ from the control group except at level 2. Cross sectional area at the proximal two levels was larger than at the distal two levels, and was accompanied by a lower signal intensity ratio (higher signal intensity) than the distal. In the severe and extreme groups, the cross sectional area was progressively larger proximally from level 3, and was accompanied by a high signal intensity. The flattening ratio was larger than the control group at levels 1 and 2. At level 3, the flattening ratio did not differ from the control group. Although the flexor tendon area and the carpal tunnel area were larger in the CTS groups than in the control group, significant differences were not detected among the CTS groups. Palmar bowing of the TCL was also greater in the CTS groups than in the control group, but the increase was less prominent in the extreme than in the severe group. No significant difference of synovial space and intersynovial area was detected among the groups. Figure 1 shows the carpal tunnel cross sections of the control, mild to moderate, and extreme groups.
A significant linear correlation between the average area of the carpal tunnel at levels 2 and 3 and palmar bowing of the TCL was noted for the CTS groups (correlation coefficient 0.489, p,0.0001), but not for the control group (0.154, p = 0.374). A significant correlation between the circumference of the wrist and palmar bowing of the TCL was not found for either the CTS or the control groups (0.067, p = 0.497 for the CTS; 0.16, p = 0.353 for the control).
When the carpal tunnel area was measured in the absence of palmar bowing of the TCL, no significant difference was detected among the groups (p.0.1448; table 3).
DISCUSSION
The aetiology of idiopathic CTS may be attributed to an incompatibility between the median nerve and carpal tunnel. 15 16 As a result, the intracarpal tunnel pressure increases, 17 and disturbance of circulation to the nerve occurs. Longstanding epineurial oedema leads to invasion of fibroblasts and subsequent formation of constricting scar tissue inside the nerve. 15 Swelling of the nerve trunk proximal to the compression site is due to an increase in the amount of endoneurial connective tissue, 18 oedema in the epineurium and endoneurial space, and obstruction of axoplasmic flow. 15 Macroscopic configuration of the median nerve during open carpal tunnel surgery has varied; however, conventionally proximal enlargement of the median nerve, or pseudoneuroma was believed to result from compression in the distal carpal tunnel, indicating a reduction in the size of the nerve or flattening of the nerve at the hook of the hamate level. [18] [19] [20] [21] Imaging techniques can be used to detect these morphological changes. 1 7 Using cadaveric specimens, MRI has been shown to be a valid and reproducible technique for measuring carpal tunnel volume and the cross sectional area of the flexor tendons and the median nerve. 22 23 Because the pathophysiology varies with the disease stage, 15 disease severity can affect the imaging outcome. 1 2 Configuration of the median nerve is the parameter most widely investigated not only by MRI, but also by ultrasonography, because delineation of this nerve is easy. Enlargement of the cross sectional area of the median nerve at the proximal carpal tunnel or at the entrance to the tunnel was found to be of diagnostic value for idiopathic CTS in the majority of cases studied. 1 3 4 7 11 13 24 25 However, several investigators have shown a larger cross sectional area of the nerve in CTS groups than in controls.even at the hook of the hamate level 4 7 11 Kleindienst et al demonstrated that oedema of the nerve resulted in pre-stenotic swelling and moderate intracarpal swelling, and that the advanced stages of CTS showed retrograde swelling of the median nerve more than the earlier stages. 25 Our results were nearly consistent with these results.
There have been inconsistencies in results regarding the flattening ratio of the median nerve among investigators. Some found no difference between the idiopathic CTS groups and controls; 11 26 however, others have shown that the median nerve was more flattened at the level of the hook of the hamate in CTS groups than in control subjects. 4 7 13 In our study, no significant difference was detected at this level, but the large standard deviation of the flattening ratio indicated that the median nerve configuration varied even within the same disease stage, indicating that the median nerve did not always have a compressive deformity at this level. The median nerve was flattened at the level of exit of the TCL for all CTS groups and the control group, because furcation of the nerve could be observed at this level. Our results suggest that inconsistencies among previous studies in the flattening ratio were due to differences in patient spectra or pathophysiology, or both.
T2 MRI presents the normal nerve as isointensity, and it may develop a high signal intensity when it is damaged or degenerated. 27 28 The increased nerve signal on T2 MRI is due to interstitial oedema and the collapse and loss of myelinated fibres. 29 Preoperative high signal intensity of the median nerve on T2 may be a meaningful finding for idiopathic CTS, because it decreases after surgical decompression of the nerve. 4 5 13 30 Because the signal intensity ratio was found to be inversely proportional to the area of the median nerve, the enlargement of the median nerve was associated with higher water content or more degeneration inside the nerve than in the normal nerve. Bulbous swelling of the median nerve at the level proximal to the carpal tunnel that is often observed during surgeries could be a characteristic finding of the advanced stages of the disease. In our study, this swelling was often accompanied by higher signal intensity than the distal level, suggesting oedema and degeneration of the nerve. However, signal intensity could be decreased in the advanced CTS because of fibrosis within the nerve. 25 Quantification of the flexor tendon area was only performed in studies by Monagel and Cobb.
11 31 Monagel found no differences in the flexor tendon area between CTS patients and normal subjects. 11 Cobb et al showed increased carpal tunnel contents (flexor tendon and median nerve) to carpal tunnel volume ratios in CTS compared with controls. 31 As the number of hands analysed was small in both studies, no definitive conclusions could be made. In our study, we were not sure if the enlargement of the flexor tendons was congenital, or the result of the disease. Differences in flexor tendon size between CTS groups and control subjects remain to be clarified.
Phalen believed that thickening or fibrosis of the synovium was the main cause of idiopathic CTS. 20 This is believed to be due to an increased volume of the carpal tunnel contents or the result of swelling by repetitive motion of the digits, which leads to chronic tenosynovial thickening and fibrosis. 32 Britz et al 5 and Zagnoli et al 8 assessed the synovium inside the carpal tunnel by evaluating the interspace or the distance between the flexor tendons by MRI. Their studies involved a qualitative analysis, and interobserver variation was found to be considerable. We did not find any differences in area between the CTS groups and the control group. However, with our method it was difficult to evaluate subtle changes of synovium or subsynovial connective tissue, which may have an important role in development of idiopathic CTS. 33 The size of the carpal tunnel area has been measured by MRI and CT, but the results were inconsistent. Some showed a larger carpal tunnel area in patients than in controls, 34 but others did not. 3 35 36 Our result indicated that the area at the proximal and the distal carpal tunnel was significantly larger in all groups except in the extreme group than it was in the control group. Previous investigators believed that palmar bowing of the TCL was greater in idiopathic CTS groups than in the control subjects. 4 7 8 11 Our result was consistent with that belief. In such cases, some structure inside the carpal tunnel is needed to push the TCL in a volar direction. However, few studies have correlated this parameter with the carpal tunnel area. Monagel et al did not find any difference between carpal tunnel areas, but showed that palmar bowing differed between the CTS and control groups. 11 We showed a significant linear correlation between the area of the carpal tunnel and palmar bowing of the TCL for the CTS groups, but not for the control group. Furthermore, palmar bowing of the TCL did not have a linear correlation with wrist size in either group. These results suggest that increased palmar bowing of the TCL is a characteristic of idiopathic CTS, resulting from an increase in the area of the carpal tunnel. It may be a result of the disease, not a difference in the initial carpal tunnel area, as the carpal tunnel area in the absence of palmar bowing of the TCL of the CTS groups was the same as that of the control group. The increased area of the carpal tunnel could be due to flexor tendons and the median nerve. Because synovial evaluation was difficult to perform in this study, the involvement of the synovium with enlargement of the carpal tunnel remains to be clarified.
Palmar bowing of the TCL could also be useful to assess disease severity because it was less prominent in the extreme than the severe group. This may be due to decreased tissue swelling such as swelling of the median nerve inside the carpal tunnel, as severity progresses, because the median nerve area and the carpal tunnel area of the extreme group was not as large as in the other CTS groups at the level of the hook of the hamate.
Based on this study, which quantitatively analysed the largest number of female subjects ever examined, the increased palmar bowing of the TCL was found to be due to an increase in the area of the carpal tunnel in idiopathic CTS. Although enlargement of the carpal tunnel area and the flexor tendon area could be characteristic findings for idiopathic CTS on T2 MRI, severity of the disease was difficult to judge using those parameters. It could be best judged by evaluating palmar bowing of the TCL and longitudinal changes in signal intensity and in the configuration of the median nerve.
This study may explain the reason for inconsistencies in previous studies and help to elucidate the pathophysiology of idiopathic CTS. However, there are some limitations to this study. As some variations were observed within the same group, there could be differences in pathophysiology inside the carpal tunnel of individuals, even in a relatively uniform group of subjects, all of whom were clinically diagnosed with idiopathic CTS. It would have been better to enrol patients with minimum neurophysiological abnormalities such as Padua's minimal stage, 14 because much of the remaining uncertainty over the use of imaging in CTS concerns whether imaging modalities add anything when the neurophysiological abnormalities are minimal. The effect of aging on changes of the median nerve and flexor tendon configuration has not been studied by MRI, and high signal intensity on T2 images could not be always specific. Because we performed endoscopic carpal tunnel release in many patients in this study, we did not correlate the status of the structures inside the carpal tunnel during surgery with the preoperative MRI. The many statistical tests could cause some significant findings to arise by chance, thus the p values should simply be used as an indication of the strength of a particular piece of evidence.
